E3 Research Advances Series Deleterious Effects of Oxygen Radicals in Ischemia/Reperfusion
Resolved and Unresolved Issues Robert A. Kloner, MD, PhD, Karin Przyklenk, PhD, and Peter Whittaker, PhD O xygen free radicals have been implicated as a cause of deleterious effects in the setting of coronary reperfusion. Some of these deleterious effects include stunned myocardium, reperfusion arrhythmias, and potentially the most important, lethal or irreversible "reperfusion injury."'1-4 Lethal reperfusion injury implies that cells reversibly injured at the end of a period of ischemia become irreversibly injured (or killed) at the time of reperfusion. Other theories concerning the pathophysiology of reperfusion injury, such as alterations of calcium flux and cell volume regulation, are discussed elsewhere. [5] [6] [7] [8] [9] [10] [11] In this review, we discuss the role of oxygen free radicals in mediating deleterious effects associated with reperfusion, and focus on those issues that are resolved versus those issues that are not resolved. Evidence in the literature suggesting that oxygen free radicals are generated during ischemia and reperfusion will be presented, followed by evidence that these reactive oxygen species are cytotoxic to the heart in both in vitro and in vivo models. The role of oxygen radicals in stunned myocardium, in lethal reperfusion injury, and in the development of reperfusion arrhythmias is discussed. Finally, the concept of reperfusion injury will be placed in perspective, given the current clinical therapy for the treatment of acute myocardial infarction.
What Is an Oxygen Free Radical? A free radical is a molecule with an odd, unpaired electron; this unpaired electron makes the molecule unstable and highly reactive.12-14 Oxygen free radicals, the superoxide anion (-2), the hydroxyl radical (0OH), and their intermediary, hydrogen peroxide (H202), are believed to be generated during ischemia and at the time of reperfusion. These reactive oxygen species can be cytotoxic to cells by attacking fatty acids, which leads to lipid peroxidation of membranes, and reacting with proteins, including destruction and oxidation of amino acids, oxidation of sulfhydryl groups, and polypeptide chain scission.12
What Is the Evidence That Oxygen Radicals Are Generated During Ischemia and Reperfusion? Direct detection of oxygen free radicals is complicated by their highly reactive and transient nature; however, techniques used in physical chemistry (i.e., electron spin resonance spectroscopy) have recently been used to document accelerated formation of oxygen free radicals in the setting of ischemia and reperfusion.
Several in vitro studies with isolated hearts subjected to global ischemia and reperfusion have described a burst of oxygen free radicals within the first few minutes of reperfusion.1'-19 Arroyo et a120 used electron spin resonance and spin-trapping techniques to demonstrate the presence of reactive carbon and oxygen-centered radicals in myocardial tissue of canine hearts subjected to regional ischemia. Similarly, Bolli et al,21 using electron paramagnetic resonance spectroscopy and a spintrapping agent, detected a burst of free radical formation within the coronary venous effluent in dogs subjected to 15 minutes of coronary occlusion and reperfusion. Although this initial burst of oxygen free radicals peaked at 2 minutes after reflow, oxygen radical production continued for up to 3 hours after reperfusion.21 These studies provide direct evidence of oxygen free radical production in the setting of myocardial ischemia followed by reperfusion.
It should be noted that the technique of electron paramagnetic resonance spectroscopy has potential limitations. Specifically, some studies have suggested that certain electron paramagnetic resonance spectra, initially thought to be due to oxygen radicals, were in fact due to freezing and mechanical manipulation of the tissue.22 However, both the use of spin traps and the technique of chemillumi-nescence23 have confirmed the general finding that oxygen free radicals are generated after ischemia and reperfusion. Further, many studies described in later portions of this review provide indirect evidence, through the use of free radical scavengers, that oxygen free radicals are formed during ischemia and reperfusion. Despite ongoing controversy concerning the validity of "direct" measurements of oxygen radicals by electron paramagnetic resonance spectroscopy, most studies support the concept that oxygen radicals are generated during myocardial ischemia and reperfusion.
Are Oxygen Free Radicals Cytotoxic to the Heart?
There is considerable evidence in the literature supporting the concept that oxygen free radicals are directly cytotoxic to the heart. Most of these data have been obtained from in vitro preparations exposed to exogenously generated free radicals, that is, free radicals formed by electrolysis of the perfusate, addition of free radical-generating substrates (i.e., xanthine oxidase plus a purine base plus a transition metal catalyst), autooxidation of epinephrine to adrenochrome, or stimulation of neutrophils.24 28 Blaustein et a129 and Schrier et a130 demonstrated that oxygen free radicals generated by a combination of purine plus xanthine oxidase resulted in a depression of function of isolated papillary muscles. Similarly, Ytrehus et a13l observed that isolated perfused rat heart preparations exposed to superoxide radicals (generated by infusion of hypoxanthine and xanthine oxidase) reduced left ventricular developed pressure, depleted high energy phosphate levels, and caused cellular edema. As these abnormalities were reversed by the oxygen radical scavengers superoxide dismutase plus catalase, these cytotoxic effects were attributed to oxygen free radicals.
One possible explanation for the depressed cardiac function observed on exposure to exogenously generated free radicals was proposed by Rowe et al,32 who demonstrated that activated leukocytes, which were shown to produce superoxide anion, significantly depressed calcium uptake and reduced Ca2+-stimulated Mg2+-dependent ATPase activity of isolated sarcoplasmic reticulum. Furthermore, this depression in sarcoplasmic reticulum function was completely reversed by the addition of the oxygen radical-scavenging agents superoxide dismutase and catalase. Thus, oxygen free radicals may depress cardiac function by a direct negative effect on the function of cardiac sarcoplasmic reticulum.
Exposure of isolated cardiac tissue to exogenously generated oxygen free radicals can also cause abnormalities in cardiac ultrastructure. For example, Burton et al25'26 observed that exposure of isolated perfused rabbit ventricular septa to superoxide radicals caused ultrastructural abnormalities within the endothelium consisting ofvacuoles, blebs, and accumulation of membranous debris in the vascular and extracellular spaces. Mild ultrastructural abnormalities of the myocardial cells also were observed, including dilated T tubules and vacuolization. When the ventricular septa were exposed to hydroxyl radicals, the ultrastructural damage to the endothelium and myocytes became more severe; myocardial cells demonstrated swelling and disruption of the mitochrondria, blebbing of the sarcolemma, and breaks within the sarcolemmal membrane. Pretreatment with the oxygen radical scavenger superoxide dismutase had a protective effect, suggesting that oxygen radicals were the cause of this ultrastructural injury.
Can oxygen free radicals directly cause abnormalities in cardiac structure and function in in vivo systemns? Przyklenk et a133 recently reported that infusion of xanthine oxidase plus purine plus ironloaded transferrin, administered through a coronary vein in an anesthetized canine preparation, resulted in left ventricular wall-motion abnormalities in the perfused region of the heart. Whittaker et a134 observed that higher doses of this oxygen radicalgenerating solution administered into the aortic root through the carotid artery of rats resulted in the formation of myocardial contraction bands and interstitial edema. Thus, administration of oxygen free radicals causes damage to myocardium in both in vitro and in vivo systems.
These data all provide direct evidence that oxygen free radicals are cardiotoxic. Further indirect evidence in support of this concept is provided by many in vitro studies that have reported that free radical scavengers, antioxidants, "quenching" agents, and iron chelators, can blunt myocardial injury and dysfunction caused by ischemia or hypoxia and reoxygenation.35-51 These include numerous studies in the surgical literature in which oxygen radical scavengers added to cardioplegic solutions reduce tissue damage, enhance cardiac function, or both.41-51
There is little doubt that oxygen-derived free radicals can cause contractile dysfunction and myocyte injury. There is, however, still some controversy regarding which of the oxygen free radical species is the main cytotoxic agent. Some studies have concluded that the superoxide anion is the culprit,15'38 others that hydroxyl radicals or H202 are the main culprits,28'29'32,47'49 and still others that all these species may contribute to damage.25'26'32
What Are the Sources of Oxygen Free Radicals in Models of Ischemia and Reperfusion? There are several proposed sources of oxygen free radicals during episodes of ischemia followed by reperfusion. One potential source is the xanthineoxidase system12'14 ( Figure 1 ). During ischemia, ATP is degraded to ADP, then AMP, adenosine, inosine, and finally, hypoxanthine. In addition, the enzyme, xanthine dehydrogenase, is converted to xanthine oxidase by calcium-dependent proteases. When the ischemic tissue is reperfused, hypoxanthine reacts with molecular oxygen in the presence of xanthine oxidase to form xanthine; xanthine is then converted to uric acid by xanthine oxidase, and superoxide anions are formed. The superoxide anion also may combine with H202 in the presence of a transition metal catalyst such as iron or copper to form the hydroxyl radical.
The initial burst of free radicals observed by electron spin resonance spectroscopy within the first few seconds of reperfusion may be due to this purine-xanthine oxidase system. There is no question that oxygen radicals can be generated by the xanthine oxidase pathway, but the importance of this pathway in ischemia/reperfusion may be species specific. Xanthine oxidase, which resides within endothelial cells, is present in measurable quantities in the canine and rat heart, but appears undetectable in rabbit or human heart. 52 However, McCords5 has pointed out that the absence of xanthine oxidase in the myocardium may not preclude the formation of oxygen radicals by this pathway; under certain pathologic conditions such as adult respiratory distress syndrome, xanthine oxidase may be present within the bloodstream of patients.55'56 In routine cases of acute myocardial infarction in humans, it seems unlikely that the xanthine-oxidase system is the source of oxygen free radicals. Activated neutrophils are another potential source of oxygen free radicals. 113'57'58 In vitro studies have confirmed that, when stimulated with agents such as phorbol myristrate acetate, neutrophils generate superoxide anions. Specifically, the enzyme NADPH oxidase, which is present within neutrophils, reduces molecular oxygen to form superoxide anion, while oxidizing NADPH to form NADP. In addition, myeloperoxidase (located within granules of the neutrophil) can convert H202 to the toxic hypochlorous acid (HOC1).57 Although neutrophils may be important in generating oxygen radicals in certain systems, it is clear that their presence is not always required for free radicals to be generated during ischemia and reperfusion sequences. Oxygen free radicals are detected in in vitro models using isolated hearts that are perfused with neutrophil-free solutions. 15-17Furthermore, in in vivo canine models, free radicals have been identified (by electron spin resonance spectroscopy) after brief 15-minute periods of ischemia and reperfusion,21 a period of ischemia not associ-ated with tissue necrosis, or evidence of neutrophil influx.59-61 Although neutrophils may not be a source of oxygen free radicals associated with brief periods of ischemia and reperfusion, they may represent an important source of oxygen free radicals during more prolonged periods of ischemia associated with tissue necrosis; neutrophil influx into myocardium has been observed by indium labeling and histology after 40 minutes to 3 hours of transient coronary occlusion in the experimental canine model.58'62-64
Other potential sources of oxygen radicals include the production of superoxide radicals due to leakage of electrons from the electron transport system within mitochondria65'66 and from the cyclooxygenase pathway of arachidonic acid metabolism."132,66,67
A study favoring the concept that sources other than xanthine oxidase and neutrophils may be important comes from work by McCord et al,68 who showed that oxygen radical scavengers reduce the release of creatine kinase from isolated rabbit hearts subjected to hypoxia and reoxygenation, a model devoid of both xanthine oxidase and neutrophils.
There is no doubt that oxygen free radicals can be generated by the xanthine oxidase system, from activated neutrophils, from the electron transport chain of mitochondria, and from the arachidonic acid pathway. The unresolved issues remain. Which of these systems represents the crucial source(s) of oxygen radicals during sequences of ischemia and reperfusion? How do these sources differ as a function of duration of occlusion and duration of reperfusion? Do Oxygen Free Radicals Contribute to the Phenomenon of Stunned Myocardium? Viable myocardial cells subjected to brief (5-15 minute) periods of ischemia followed by reperfusion exhibit postischemic contractile dysfunction referred to as the "stunned myocardium" phenomenon.61'69-71
In the canine preparation, a 15-minute coronary artery occlusion followed by reperfusion does not cause necrosis but results in a regional wall-motion abnormality that may persist for hours to days61'71'72 after reflow. Intramyocardial concentrations of ATP are also depressed in this preparation for at least 72 hours after reperfusion.73 In addition, subtle but reversible abnormalities of myocardial ultrastructure are associated with stunned myocardium.61 It is conceivable that stunned myocardium represents a functional or nonlethal form of reperfusion injury.
Several laboratories, including our own, have made the observation that pretreatment with the oxygen radical-scavenging agents superoxide dismutase, which cata-lyzes the dismutation of superoxide anions to H202, and catalase, which catalyzes the conversion of H202 to water and thus limits the formation of hydroxyl radical, reduces the degree of left ventricular dysfunction in models of stunned myocardium.74-76 Specifically, Przyklenk and Kloner75 observed that dogs pretreated with superoxide dismutase and catalase exhibited improved segment shortening during the reperfusion phase, after a 15 -minute period of ischemia. This improvement in function occurred without any improvement in myocardial high-energy phosphate stores.
Similar improvements in contractile function were observed by Myers et a174 and Gross et a76 with superoxide dismutase plus catalase in this same canine model. Furthermore, as shown by Bolli and coworkers77-81 and others,82-84 a host of other agents including the spin trap a-phenyl-N-tert-butylnitrone,21 the scavenging agent N-2-mercaptoproprionylglycine,77 the "quenching" agent dimethylthiourea,78 the antioxidants allopurinol79 and oxypurinol,82 and the iron-chelator deferoxamine80,84 have consistently been reported to enhance postischemic contractile function of stunned myocardium in the in vivo canine model. Westlin and Mullane24 observed that captopril, an angiotensin converting enzyme inhibitor that has a sulfhydryl group and, therefore, has the potential to act as an antioxidant, enhanced the recovery of stunned myocardium.24 In addition to these in vivo data, numerous additional studies have demonstrated that oxygen radical scavengers can reverse abnormalities in postischemic cardiac function and high-energy phosphate stores in in vitro models of transient ischemia and hypoxia that mimic, to some extent, stunned myocardium. 25, 26, 29, 32, 35, 39 The data in the literature strongly support the concept that stunned myocardium is mediated, at least in part, by oxygen free radicals because 1) oxygen free radicals have been identified in the coronary venous effluent of hearts stunned by brief periods of ischemia and reperfusion, 2) exogenously administered oxygen free radical-generating solutions depress myocardial function, and 3) oxygen radical-scavenging agents and other antioxidants consistently have been shown to improve postischemic dysfunction by many independent laboratories. Although we believe that oxygen free radicals do contribute to the phenomenon of the stunned myocardium, it is not certain at what time treatment with free radical-scavenging agents must be initiated to exert a beneficial effect. Most studies performed to date have administered the oxygen radicalscavenging agents before occlusion; the effect of administering these agents at the time of reperfusion in models of brief ischemia remains unknown. It also remains to be determined whether these agents will be of benefit in clinical instances of stunned myocardium, as in patients with persistent left ventricular dysfunction in the immediate postreperfusion phase after thrombolytic therapy. Finally, the exact location within the myocardium where the oxygen radical-scavenging agents are having their beneficial effects remains to be determined. It is unlikely that large molecules such as superoxide dismutase can cross the myocardial cell membrane of viable myocytes; it is likely that this agent is scavenging oxygen free radicals in the interstitium.
Does Irreversible or Lethal Reperfusion Injury
Truly Exist in Models of Regional Ischemia and Reperfusion, and Are Oxygen Free Radicals the Culprit? We define irreversible or lethal reperfusion injury as injury in which myocardial cells that are reversibly injured at the end of a period of ischemia become irreversibly injured (i.e., die) due to reperfusion. This definition is similar to that of Jennings et al, 85 who stated that the crucial aspect of the concept of "reperfusion injury refers to cell death induced by reperfusion in contradistinction to cell death induced by the preceding episode of ischemia." There are intrinsic difficulties in trying to prove the existence of this concept; it is difficult to discern injury due to ischemia versus injury due to reperfusion. It is not possible to develop a model in which coronary reperfusion occurs without preceding ischemia; however, it is possible to examine the effects of ischemia alone on cell death.
There is no doubt that ischemia kills myocardial cells. Forty to 60 minutes of severe ischemia in the anesthetized canine preparation results in extensive damage to the severely ischemic subendocardium including the ultrastructural findings of large holes in the sarcolemmal membrane and amorphous dense bodies within the mitochondria. In addition, isolated myocardial tissue incubated at 370 C in the absence of 02 develops myocyte dissolution. 86, 87 Thus, in models of severe ischemia, oxygen free radicals are not necessary to induce cell death.
Permanent coronary artery occlusion (without reperfusion) results in essentially a transmural myocardial infarction. [88] [89] [90] In contrast, it is well known from experimental canine studies that coronary artery occlusion of 40-90 minutes followed by reperfusion results in a subendocardial infarct, with salvage of ischemic tissue in the subepicardium.88-90 Thus, there is no question that the overall effect of reperfusion is to salvage ischemic tissue and limit myocardial infarct size. Because timely reperfusion salvages the subepicardium but, in most cases, does not spare the subendocardium, it is likely that if lethal reperfusion injury exists, it is localized within the midmyocardial wall. 91 Does lethal reperfusion injury exist in in vivo models of regional ischemia followed by reperfusion? This issue has been addressed largely by studies in which pharmacologic agents administered at the time of reperfusion reduce myocardial infarct size to a greater extent than reperfusion alone. Such studies imply that the pharmacologic agent is reducing cell death only during reperfusion and not during ischemia, and thereby limiting reperfusion injury.
Jolly and coworkers,92 using an anesthetized canine model of 90 minutes of coronary occlusion and 24 hours of reperfusion, were the first group to address the issue of oxygen radical-induced reperfusion injury in a model of regional ischemia. Admin-istration of superoxide dismutase and catalase starting 15 minutes before reflow and continuing for 45 minutes into reperfusion substantially reduced infarct size compared with controls, implying that without the intervention, lethal reperfusion injury caused larger infarcts. Furthermore, this study implicated oxygen free radicals as the cause of this lethal reperfusion injury. Ambrosio and coworkers93 used a similar 90-minute coronary artery occlusion model followed by 48 hours of reperfusion and observed that human recombinant superoxide dismutase administered for the initial 60 minutes of reflow reduced infarct size to a greater extent than reperfusion alone. These investigators also concluded that oxygen radical scavenging in the early phase of reperfusion blunted reperfusion injury.
Another series of studies supporting the concept of lethal reperfusion injury comes from the work of Buckberg and coauthors. [94] [95] [96] In one study,94 they examined dogs subjected to 2 hours of left anterior descending coronary artery ligation followed by 2 hours of reperfusion. In one group, the ligature was released to stimulate thrombolytic therapy or angioplasty; in other groups, surgical reperfusion was then simulated, whereby the heart was placed on total vented bypass and substrate-enriched blood cardioplegia was administered. Surgical reperfusion enhanced regional contraction, resulted in less edema, and reduced infarct size as detected by tetrazolium staining. Other studies from the same group also suggested that the degree of damage occurring after ischemia and reperfusion could be limited by manipulating the reperfusion conditions and reperfusate composition. [97] [98] Despite the positive studies, there have been many recent negative studies that have failed to document significant beneficial effects of oxygen radical-scavenging agents when given during the early phase of reperfusion. For example, Uraizee et a199 studied anesthetized dogs subjected to 40 minutes of ischemia and 4 days of reperfusion99; superoxide dismutase administered 15 minutes after coronary artery occlusion through the initial 35 minutes of reflow failed to reduce infarct size. Although there was a higher survival rate in superoxide dismutase-treated animals (100%) compared with controls (65%), three control dogs died early after occlusion and before administration of placebo, and the incidence of reflow ventricular fibrillation was similar among groups. Richard et al100 observed similar negative results in a 90-minute occlusion-4-day reperfusion model. Gallagher et al10' used a conscious canine model of 3 hours of coronary artery occlusion and 24 hours of reperfusion and found that neither superoxide dismutase nor catalase, initiated 15 minutes before reperfusion and maintained for a total of 1 hour, reduced infarct size. Patel et al102 and Nejima et al103 have recently reported similar negative results with superoxide dismutase. Furthermore, there is a similar lack of rinol and oxypurinol) on infarct size in the dog.'04-107
Results of oxygen radical scavenger therapy administration in porcine models of occlusion followed by reperfusion also have been variable. 108"109 In a recent study in our laboratory,1"0 anesthetized dogs were subjected to 2 hours of coronary artery occlusion and 4 hours of reperfusion and were randomized to receive superoxide dismutase plus catalase or saline at the time of reperfusion. Although the oxygen radical scavengers had no overall effect on infarct size, there was a subgroup of animals with moderate collateral blood flow in which infarct size did appear to be reduced. We did observe that superoxide dismutase and catalase significantly enhanced regional myocardial blood flow measured after reperfusion and preserved the ultrastructure of the microvasculature. However, in contrast to studies of brief periods of ischemia, superoxide dismutase plus catalase did not improve postischemic contractile function in this model of prolonged occlusion followed by reflow. How can the discrepancies among these various studies be explained? The cause(s) for this diversity are unknown; however, there are a few hypotheses that might clarify the current discrepancies in the literature. One explanation for the controversies deals with major differences in experimental design. It is known that the major determinants of myocardial infarct size are duration of coronary occlusion, size of the ischemic risk zone, amount of collateral blood flow in the ischemia zone, and to a lesser extent, hemodynamic parameters."' A powerful predictor of infarct size has been to plot the mass of necrosis as a percentage of the risk zone versus subepicardial collateral flow within the risk zone as described by Reimer et al."1' Although risk zone was measured in all the studies described above, coronary collateral flow was not.92 '04 Thus, as suggested by Richard et al,100 treated and control groups of some of these studies may not have had equal degrees of ischemia or comparable distributions of collateral flow values.
Whereas some studies assessed necrosis 4 days after occlusion using histology to determine infarct size,99,'00 others have relied on gross pathology alone93 or tetrazolium stains to determine infarct size.92,104,110 Gross pathology could underestimate areas of necrosis that are patchy or microscopic. Tetrazolium stains, in general, are thought to be reliable in models in which the duration of ischemia plus reperfusion is at least 6 hours112,1"3; however, reduction of infarct size assessed by tetrazolium staining at the end of a 6-hour experiment does not necessarily predict reduction of infarct size at a later time period.14 Also, one preliminary study suggested that in a rabbit model, superoxide dismutase could alter tetrazolium staining and result in false-positive reductions in infarct size.1"5 Those studies that measured infarct size using histology at 4 days after occlusion uniformly did not show a consensus on the effect of other antioxidants (allopu-reduction in infarct size with superoxide dismutase or allopurinol.99"100, 106 Although some studies induced reperfusion by abruptly removing a clamp,93'99"1001'0 others reperfused through a critical stenosis.92,104 These differences could be important because some recent studies have suggested that gradual reperfusion may result in less severe damage. 116"117 There may have been other covariates in these infarct size studies that were not accounted for. Engler and Gilpin recently have suggested that the extent of reperfusion-induced inflammatory response should be taken into account in future studies.1"8
When reperfusion is maintained for 4 days but the oxygen radical scavengers are present during only the early minutes to hours of reperfusion, infarct size in general is not reduced.99"100"106 These data and others1"4 suggest that oxygen radical scavengers may delay, rather than prevent, infarction. Acutely administered oxygen radical scavengers may protect during only an early phase of reperfusion damage, due to an initial oxygen radical burst by the xanthine oxidase pathway, but may not protect the myocardium from oxygen radicals generated during the later phases of reperfusion by infiltrating neutrophils. This concept may be especially true in studies with superoxide dismutase, which has a plasma half-life of only about 10 minutes. Tamura et al119 recently observed that superoxide dismutase conjugated to polyethylene glycol, thereby extending the half-life to 30 hours, significantly reduced infarct size in a 90-minute-4-day reperfusion model. Chi et al,120 from the same group, observed infarct size reduction using this same preparation of superoxide dismutase, when administered before a 6-hour period of ischemia and 24 hours of reperfusion. These data provide evidence in favor of the concept that oxygen radicalscavenging agents may need to be present during much of the reperfusion phase to show a consistent reduction in infarct size. Differences in duration of both reperfusion and treatment cannot, however, account for all the variability in the literature. In our study of 2 hours of ischemia plus 4 hours of reperfusion in which superoxide dismutase plus catalase was infused throughout the entire reperfusion phase, overall infarct size was not reduced.1"0 At the present time, there is no clear consensus on whether oxygen radical scavengers given at the time of reflow are capable of reducing myocardial infarct size. Additional work is needed to unequivocally prove that lethal reperfusion injury exists in these models of regional ischemia and reperfusion. It is our opinion that free radical-mediated irreversible or lethal reperfusion injury is an unresolved issue.
One study that might help resolve the controversy would be to perform a multicenter experiment in which a canine model of coronary artery occlusion is used. A single coronary artery would then be occluded for 90 minutes followed by 4 days of reperfusion. In one group, abrupt reperfusion would take place; in another, reperfusion would occur through a critical stenosis. Risk zone, coronary collateral flow, and hemodynamics would be measured. Infarct size could be assessed by both macroscopic tetrazolium staining, as well as histology, in the same heart. Animals would be randomized to control or treated groups. Crucial to the study would be the use of superoxide dismutase conjugated to polyethylene glycol administered 15 minutes before reperfusion to assure oxygen radical scavenging throughout the reperfusion phase. The dose probably would be repeated daily. Variables such as the degree of neutrophil infiltration into the myocardium also would be measured. The diet of the experimental animals would need to be standardized. Finally, the hearts would be analyzed by a central core laboratory that would remain blinded.
We propose that such a study might help resolve the controversy of whether oxygen radical scavenging agents given at the time of reperfusion could truly reduce lethal reperfusion injury.
Does the Neutrophil Play a Role in Reperfusion
Injury and Stunned Myocardium? The studies just described attempted to reduce lethal reperfusion injury and blunt-stunned myocardium by administering oxygen radical-scavenging agents or antioxidants during occlusion or at the time of reperfusion. Another approach to the problem has been to inhibit or reduce the number of neutrophils entering zones of ischemia and reperfusion, thereby eliminating a potential source of oxygen free radicals.12'-128 The role of the neutrophil in the pathogenesis of the stunned myocardium has been controversial. Brief (<15 minute) periods of transient ischemia are not associated with appreciable influx of neutrophils,59-61 yet some studies have reported that neutrophil depletion, by filtration or administration of neutrophil antiserum, attenuates postischemic contractile dysfunction.128"129 In contrast, others have concluded that neutrophil depletion does not enhance contractile performance of stunned tissue. 130, 131 The importance of the neutrophil as a cause of myocyte injury during longer periods of transient coronary artery occlusion is also controversial. Mullane et al'24 observed the invasion of neutrophils into myocardium during 1 hour of ischemia and 5 hours of reperfusion in the canine model. At the end of the ischemic period, the neutrophils appeared to adhere to the vascular endothelium, whereas upon reperfusion, neutrophils were described as "streaming" toward the zone of irreversibly injured myocytes. 124 Furthermore, Mullane et al124 reported that both BW 755 C (an inhibitor of the lipoxygenase and cycloxygenase pathway of arachidonic acid metabolism and an inhibitor of neutrophil influx) and hydroxyurea (an agent that reduced the number of circulating neutrophils by 60%) reduced infarct size in this same canine model.
Similar results have been obtained by other investigators. [121] [122] [123] For example, Romson and colleagues121 found that infarct size produced by 90 minutes of occlusion and 5 hours of reflow was significantly smaller in neutropenic animals than in controls. Although more prolonged periods of ischemia (>90 minutes) also result in neutrophil infiltration, depletion of neutrophils may no longer blunt myocardial injury; pretreatment with neutrophil antiserum did not reduce infarct size in dogs subjected to 3125 or 4123 hours of coronary artery occlusion followed by reflow.
Most of these studies have induced neutropenia or altered neutrophil function during both ischemia and reperfusion. It is not certain, therefore, whether neutrophil depletion blunts injury due to ischemia, reperfusion, or both. Litt and colleagues126 addressed this issue by filtering neutrophils from the blood used to reperfuse canine myocardium that had undergone 90 minutes of regional ischemia. Infarct size was reduced significantly in animals receiving the neutropenic reperfusate, when compared with controls, suggesting that neutrophil depletion blunted reperfusion injury.
Whether neutrophils cause postischemic contractile dysfunction is not certain. Our opinion is that it is unlikely that they are important in models of brief ischemia, but they may play a role in causing stunning of periinfarct regions after reperfusion of an evolving infarct. In addition, it is not certain whether neutrophils cause myocyte death, as suggested by Werns and Lucchesi,127 or whether neutrophil influx is a secondary phenomenon that occurs after myocyte necrosis. The role of the neutrophil in causing lethal reperfusion injury is, in our opinion, an unresolved issue requiring additional studies to confirm the findings of Litt et al.126
Do Oxygen Free Radicals Contribute to Reperfusion Ventricular Arrhythmias?
It is well known that reperfusion is associated with ventricular fibrillation, ventricular tachycardia, accelerated idioventricular rhythms, and ventricular premature beats.132-134 Lipid peroxidation of the myocardial cell membrane by oxygen free radicals has been implicated as a potential mechanism of these reperfusion arrhythmias. 135-'39 Most of the data supporting the concept that oxygen free radicals play a role in the development of reperfusion arrhythmias are derived from studies of isolated perfused hearts. [140] [141] [142] [143] 14' for example, determined the effects of six agents known to inhibit oxygen radical formation or scavenge oxygen radicals on the incidence of ventricular fibrillation in isolated, perfused rat hearts subjected to 10 minutes of ischemia followed by reperfusion; superoxide dismutase, catalase, L-methionine, mannitol, glutathione, and desferrioxamine all reduced the incidence of reperfusion-induced ventricular the addition of a free radical-generating system (FeCl3 adenosine diphosphate) to the perfusion fluid markedly increased the incidence of ventricular arrhythmias during reperfusion (but not during ischemia), thereby providing direct support for this theory.
Similar data have been obtained in some in vivo models of transient regional ischemia. Specifically, Manning et al144 reported that superoxide dismutase significantly lowered the incidence of reperfusioninduced ventricular fibrillation in rats that underwent 5 minutes of coronary artery occlusion followed by reflow. In another study, Manning et al145 pretreated rats with allopurinol and observed that allopurinol reduced the incidence of ventricular fibrillation from 67% to 11% after 5 minutes of coronary artery occlusion followed by reperfusion.
There is, however, little information on the ability of oxygen free radical scavengers to reduce the incidence of ventricular arrhythmias in other animal models. A recent study by Nejima et al103 found that human recombinant superoxide dismutase reduced the incidence of arrhythmias, without affecting infarct size, in conscious dogs subjected to 90 minutes of transient ischemia. In contrast, treatment with bovine superoxide dismutase had no effect on arrhythmias103 in this canine model; however, a breakdown of the types of arrhythmias that occurred was not reported. The incidence of reperfusion ventricular fibrillation was small in all groups, and no obvious differences were noted with superoxide dismutase treatment. In a preliminary study, Hatori et al146 suggested that reperfusion of superoxide dismutase plus catalase into the coronary sinus of dogs reduced the incidence of reperfusion arrhythmias. In another study, allopurinol pretreatment afforded improved protection from ventricular arrhythmias when combined with lidocaine.147
Oxygen radicals appear to play a role in mediating reperfusion-induced arrhythmias in rodent models of transient coronary artery occlusion. The importance of free radicals in the genesis of reperfusion arrhythmias in other preparations (i.e., the canine model) has not been adequately addressed; additional studies are needed to resolve this issue.
Placing the Concept of Reperfusion Injury Into Perspective
The concept of irreversible reperfusion injury remains to be proven148; however, if reperfusion injury truly exists, what are its clinical implications? We know that timely coronary reperfusion of evolving acute myocardial infarction reduces infarct size in both experimental studies88-90 and patients.149 In fact, reperfusion is the only therapy known that consistently prevents the death of myocytes destined to die in a zone of ischemia. There is now a general consensus that timely thrombolytic therapy also enhances left ventricular function.149-153 In addition, some thrombolytic trials have reported substantial reductions in mortality'54-156 when thromfibrillation. Furthermore, Bernier et a1141 noted that * Oxygen radicals are formed in ischemia and reperfusion. * Oxygen radicals contribute to "stunned myocardium" in models of brief ischemia plus reperfusion.
* Oxygen radicals play a role in reperfusion arrhythmias in both isolated and in in vivo rodent heart models.
bolytic agents were administered for acute myocardial infarction. Experimental evidence suggests that even "delayed" reperfusion (reperfusion that is too late to salvage myocardial tissue) may have certain beneficial effects on the myocardium, including a thicker left ventricular scar,.57 reduced infarct expansion,157,158 and a lower incidence of ventricular arrhythmias.134 It should also be noted that a patent (reperfused) infarct-related coronary artery has the potential for providing collateral blood flow, and may serve as a potential route for administration of drugs such as antiarrhythmic agents, to viable, periinfarct areas. Coronary reperfusion is a beneficial mode of therapy for acute myocardial infarction,159 despite the possibility of lethal reperfusion injury. Thus, reperfusion injury should not be a deterrent to the recanalization of an occluded coronary artery. What currently is unresolved is whether adjuvant therapy, aimed at reducing reperfusion injury in patients, will lead to even better clinical outcomes when compared with reperfusion alone. To prove that reperfusion injury is meaningful in patients, clinical trials would be needed in which adjuvant agents, such as superoxide dismutase plus catalase, are administered in conjunction with thrombolytic agents or angioplasty, in the setting of acute myocardial infarction. Because thrombolytic agents have already been shown to reduce infarct size, enhance recovery of left ventricular function, and improve survival, it will be difficult to document incremental beneficial effects on these parameters with the addition of adjuvant therapy. It is likely, therefore, that very large clinical trials will be needed to resolve the issue of whether reperfusion injury is a clinically important phenomenon.
Summary
Oxygen free radicals are known to be generated during periods of ischemia followed by reperfusion. There is still some controversy, however, concerning the use of electron paramagnetic resonance spectroscopy to accurately detect and identify the Unresolved issues * Which radical is the main cause of injury, dysfunction? * Which source(s) of oxygen radicals are important in ischemia and reperfusion? * Where do oxygen radical scavenging agents exert their effect: in endothelium, in interstitium, in myocyte, or in all? * Do oxygen radicals cause irreversible "reperfusion injury?" * Do oxygen radicals contribute to arrhythmias in large animal models? * Will oxygen radical scavengers have beneficial effects in patients with ischemic heart disease? free radical species that are formed. There is no doubt that oxygen radicals are deleterious to the myocardium; free radicals cause left ventricular dysfunction and structural damage to myocytes and endothelial cells in both in vitro and in vivo preparations. Potential sources of these cytotoxic oxygen species include the xanthine oxidase pathway, activated neutrophils, mitochondria, and arachidonate metabolism, yet the crucial source of free radicals in the setting of ischemia and reperfusion is unresolved.
There is little doubt that oxygen radicals play a role in the phenomenon of stunned myocardium induced by brief periods of ischemia followed by reperfusion; numerous studies have consistently observed that pretreatment with free radical scavengers and antioxidants enhances contractile function of stunned, postischemic tissue. Whether oxygen free radical scavengers administered only during reperfusion enhance recovery of stunned myocardium in models of brief ischemia remains to be determined. In models of prolonged ischemia (2 hours) followed by reperfusion, we have not observed a beneficial effect of scavengers on stunned myocardium. The issue of whether oxygen free radical scavengers are capable of reducing so-called irreversible or lethal reperfusion injury remains, in our opinion, unresolved. Although some studies have observed that agents such as superoxide dismutase and catalase reduce infarct size in ischemia and reperfusion models, many others have reported negative results. Additional studies will be needed to resolve this ongoing controversy. Oxygen free radicals may also contribute to reperfusion-induced arrhythmias in rodent heart preparations; however, less data are available in other animal models.
The concept of reperfusion injury should not be considered a deterrent to reperfusion for the treatment of acute myocardial infarcts in the clinical setting. Thrombolytic therapy reduces myocardial infarct size, enhances recovery of left ventricular function, and improves survival. Whether incremental beneficial effects on these parameters will be obtained when oxygen radical-scavenging agents are used as adjuvant therapy to thrombolysis in patients remains to be determined. 
